Intra-neuronal metabolism of dopamine (DA) begins with production of 3,4dihydroxyphenylacetaldehyde (DOPAL), which is toxic. According to the 'catecholaldehyde hypothesis,' DOPAL destroys nigrostriatal DA terminals and contributes to the profound putamen DA deficiency that characterizes Parkinson's disease (PD). We tested the feasibility of using postmortem patterns of putamen tissue catechols to examine contributions of altered activities of the type 2 vesicular monoamine transporter (VMAT2) and aldehyde dehydrogenase (ALDH) to the increased DOPAL levels found in PD. Theoretically, the DA : DOPA concentration ratio indicates vesicular uptake, and the 3,4-dihydroxyphenylacetic acid : DOPAL ratio indicates ALDH activity. We validated these indices in transgenic mice with very low vesicular uptake (VMAT2-Lo) or with knockouts of the genes encoding ALDH1A1 and ALDH2 (ALDH1A1,2 KO), applied these indices in PD putamen, and estimated the percent decreases in vesicular uptake and ALDH activity in PD. VMAT2-Lo mice had markedly decreased DA:DOPA (50 vs. 1377, p < 0.0001), and ALDH1A1,2 KO mice had decreased 3,4-dihydroxyphenylacetic acid:DOPAL (1.0 vs. 11.2, p < 0.0001). In PD putamen, vesicular uptake was estimated to be decreased by 89% and ALDH activity by 70%. Elevated DOPAL levels in PD putamen reflect a combination of decreased vesicular uptake of cytosolic DA and decreased DOPAL detoxification by ALDH.
Severe depletion of the catecholamine, dopamine (DA), in the striatum (putamen and caudate) is the defining neurochemical characteristic of Parkinson's disease (PD) (Ehringer and Hornykiewicz 1960; Hornykiewicz 1998) . Understanding mechanisms of death of nigrostriatal catecholamine neurons should spur development of innovative diagnostic, treatment, and prevention strategies for this major neurodegenerative disease.
Intra-neuronal metabolism of DA begins with deamination catalyzed by monoamine oxidase-A in the outer mitochondrial membrane to form the catecholaldehyde, 3,4dihydroxyphenylacetaldehyde (DOPAL) (Eisenhofer et al. 2004 ). Because of ongoing DA biosynthesis in the cytosol, leakage of vesicular DA stores into the same compartment, imperfect recycling from the cytosol back into the vesicles, and reuptake of DA released by exocytosis ( Fig. 1) , DOPAL is produced continuously in DA neurons.
DOPAL is toxic, both in vitro and in vivo (Panneton et al. 2010; Mattammal et al. 1995; Burke et al. 2004 Burke et al. , 2003 . The toxicity may occur by at least four mechanisms -protein cross-linking (Rees et al. 2009 ), oxidation to quinones (Anderson et al. 2011) , production of hydroxyl radicals (Li et al. 2001) , and augmentation of toxicity exerted by other agents (Marchitti et al. 2007) . DOPAL also potently oligomerizes and precipitates alpha-synuclein (Burke et al. 2008) , and alpha-synucleinopathy is implicated in PD pathogenesis (Singleton et al. 2003; Polymeropoulos et al. 1997; Satake et al. 2009 ). According to the 'catecholaldehyde hypothesis' (Goldstein et al. 2012b; Goldstein 2012) , DOPAL causes or contributes to the loss of DA-containing terminals that characterizes PD.
We previously reported that post-mortem putamen tissue from PD patients contains an increased concentration of DOPAL relative to DA (Goldstein et al. 2011) . Determinants of DOPAL buildup in PD remain unknown. Addressing this issue was the main purpose of this study.
As indicated in Fig. 1 and by the kinetic model in the Appendix, several processes potentially determine DOPAL levels in dopaminergic neurons. In this study we focused on vesicular uptake of cytosolic DA by the type 2 vesicular monoamine transporter (VMAT2) and metabolism of DOPAL by aldehyde dehydrogenase (ALDH). In PC12 cells, blockade of vesicular uptake and inhibition of ALDH both increase endogenous DOPAL levels (Goldstein et al. 2012b) . From the kinetic model in the Appendix we derived that the tissue DA : DOPA ratio provides an index of vesicular uptake and that 3,4-dihydroxyphenylacetic acid (DOPAC) : DOPAL provides an index of ALDH activity. We validated these indices in striata of mice with very low VMAT2 activity (VMAT2-Lo) or double knockout of the genes encoding ALDH1A1 and 2 (ALDH1A1,2 KO). VMAT2-Lo mice are known to have decreased striatal DA : DOPAC (Taylor et al. 2009 ), but whether they have altered striatal DOPAL has not been reported. ALDH1A1,2 KO mice have decreased striatal DOPAC : DOPAL (Wey et al. 2012) , but whether this reflects increased DOPAL, decreased DOPAC, or both has not been reported. We also predicted that ALDH1A1,2 KO mice have a buildup of 3,4dihydroxyphenylethanol (DO-PET), because of a shift from ALDH to aldehyde/aldose reductase (AR) in the metabolism of DOPAL.
We applied these indices of vesicular uptake and ALDH activity in post-mortem putamen tissue from PD patients and control subjects without neurological disorders and estimated the percentage changes in these processes in PD.
Methods

Sources of samples
Human brain tissue was from the posterior inferior putamen and mouse brain tissue from the striatum. All the animal research was done in compliance with ARRIVE guidelines. Human brain tissue-Post-mortem brain neurochemical data were reviewed from 17 neuropathologically confirmed cases of end-stage idiopathic PD and 14 control subjects. The samples were provided by the University of Miami Brain Endowment Bank, which has IRB approval to obtain consents for brain donation and to acquire patient clinical records. For this study, de-identified specimens were used from an established biorepository of postmortem brain tissues. The study was also conducted in accordance with guidance by the NCI/CCR/Laboratory of Pathology Tissue Resource Committee.
Post-mortem intervals (duration between death and brain freezing) were 24 h or less in all subjects. The control group was similar to the PD group in terms of age, gender makeup, ethnicity, and postmortem interval (Table 1) . Among controls, the most frequent cause of death was cardiac (cardiac arrest, myocardial infarction, coronary atherosclerosis or thrombosis, or congestive heart failure, n = 10). Other causes of death among controls were respiratory failure and pneumonia, lung cancer, gall bladder cancer, or blunt force trauma. Among PD patients, maximum levodopa daily doses at the time of death ranged from 0-1500 mg.
VMAT2-Lo mice-Data were reviewed for seven mice with very low activity of the type 2 vesicular monoamine transporter (VMAT2-Lo) and from 21 control mice (Miller et al. 2001; Caudle et al. 2007) . To create VMAT2-Lo mice, the VMAT2 locus (SLC18A2) was cloned from the 129/Sv genomic library and a 2.2 kb PvuII fragment from the third intron of the VMAT2 gene, and cloned into the blunt-ended NotI site of the construct (Caudle et al. 2007; Taylor et al. 2009 ). The targeting vector was introduced into 129/Ola CGR 8.8 embryonic stem cells and injected into blastocytes of C57BL/6 mice. Chimeric males (genotype confirmed by Southern blot analysis) were bred with C57BL/6 females. The procedures were approved by the Institutional Animal Care and Use Committee at Emory University.
ALDH KO mice-Data were reviewed for a total of 34 mice with knockouts of the ALDH1A1 and ALDH2 genes and from 54 control mice that were heterozygotes or wildtype. ALDH1A1, ALDH2, and ALDH1,2 knockout mice were created and studied in accordance with the Institutional Animal Care and Use Committee of The University of Texas Health Science Center at San Antonio and the South Texas Veterans Health Care System. Mice null for ALDH2 were generated by gene trap mutagenesis and backcrossed to C57BL/6J mice for 10 generations. ALDH1A1 mutant mice were generated using a targeted deletion at exon 11 of the ALDH1A1 allele (Duester 2001) and backcrossed for eight generations to C57BL/6J. ALDH1A1 mutant mice were crossed with ALDH2 mutant mice to produce mice heterozygous for both genes (ALDH1A1,2 knockout). Cross-breeding of the mice heterozygous for ALDH1A1 and ALDH2 mutations generated the line homozygous for mutations in both genes and the wild-type line on an identical genetic background. The two lines were maintained by breeding male and female mice for each line. Male mice of three different age groups (young, 5-8 months; middle-aged, 12-14 months; and old, 18-27 months) were used. In this study the data for ALDH1A1,2 KO and control mice in these age groups were combined.
Catechol assay
The same personnel (P.S.) conducted the tissue catechol assays in the laboratory of the Clinical Neurocardiology Section in intramural NINDS, under the Catecholamine Resource Initiative.
Catechol assays were done according to methodology previously developed and published by our group (Holmes et al. 1994 (Holmes et al. , 2010 . Briefly, frozen tissue samples were homogenized in a mixture of 20 : 80 of 0.2 M phosphoric : 0.2 M acetic acid and the supernate transferred to plastic cryotubes and stored at −80 degrees centigrade until assayed by batch alumina extraction followed by liquid chromatography with series electrochemical detection.
DOPAL standard was synthesized in the laboratory and provided by Dr Kenneth L. Kirk (NIDDK). Identification of the DOPAL standard was confirmed by mass spectrometry, nuclear magnetic resonance, and liquid chromatography with time-of-flight mass spectrometry.
Until now, it has been thought that concentrations of DOPA in mouse striatum are below the limit of detection of HPLC-electrochemical methodology, without incubating the tissue in an inhibitor of L-aromatic-amino-acid decarboxylase. Several factors are necessary to assay striatal tissue DOPA successfully (Figs 2 and 3) without decarboxylase inhibition. These include: (i) use of HPLC-electrochemical systems that are dedicated for catechols only, (ii) Type I water (18 meg-ohm resistance) and the purest HPLC grade reagents, (iii) carefully chosen and conditioned columns, (iv) filtering and degassing the mobile phase to ensure there are no particles or air bubbles, (v) alumina extraction to purify the catechols, (vi) postcolumn electrochemical detection with a series of flow-through electrodes (so that only reversibly oxidized species are detected), (vii) a policy of not assaying experimental samples until or unless chromatographs of standards and extracted standards are as clean as possible, and (viii) expert assay personnel.
Catechol concentrations in cell lysates were expressed in units of pmoles per mg wet weight.
Data analysis and statistics
Neurochemical data were graphed using KaleidaGraph 4.01 (Synergy Software, Reading, PA, USA). Differences between PD patients and their controls, VMAT2-Lo mice and their controls, and ALDH1A1,2 mice and their controls were assessed by two-tailed, independent-means t-tests conducted upon log-transformed data. As log-transformed data were used, all data with zero values were excluded. Mean values were expressed ± SEM. A p-value of less than 0.05 defined statistical significance.
Results
In both human putamen and murine striatum, tissue concentrations of catechols varied by about 1000-fold. Concentrations of catecholamines and deaminated metabolites were higher in mice than in humans ( Fig. 4) , whereas DOPA was starkly lower in mice.
As expected, putamen tissue concentrations of DA and DOPAC were decreased drastically in PD patients compared to controls, by 94% each (p < 0.0001; Fig. 5a and b ). From inspection of the histograms in Fig. 5 , the red bars (PD patients) were very small with respect to the gray bars (controls). DOPAL and DOPET were also decreased (p < 0.0001 each) in PD, but to lesser proportionate extents (79 and 83%) than were DA and DOPAC (Table 1) . DOPA was decreased in PD (p = 0.02) by 65%.
Although absolute concentrations of DOPAL were decreased in putamen from PD patients compared with controls, the PD group had about a 5-fold increase in DOPAL relative to DA (p = 0.007; Fig. 6a , Table 1 ).
The mean DOPAC : DOPAL ratio in putamen tissue was decreased by 70% in PD compared with controls (p = 0.0006; Fig. 6c , Table 1 ).
Consistent with predominance of ALDH over AR in the metabolic fate of endogenous DOPAL, in control subjects the mean ratio of DOPAC : DOPAL (11.3 ± 2.5) exceeded by far the ratio of DOPET : DOPAL (0.12 ± 0.03; p < 0.0001 by dependent-means t-test). In PD putamen, the mean ratio of DOPET : DOPAC, reflecting the relative contributions of AR versus ALDH in the fate of cytosolic DOPAL, was increased to about 10 times control (0.122 ± 0.062 vs. 0.012 ± 0.002, p = 0.01).
The mean ratio of DA : DOPA in striatum was markedly decreased in VMAT2-Lo mice compared with control mice (p < 0.0001; Table 2 and Fig. 7b ). Meanwhile, the mean DOPAC : DOPAL ratio was markedly increased and DO-PET : DOPAC ratio decreased. VMAT2-Lo mice also had low striatal norepinephrine (NE) and dihydroxyphenylglycol (DHPG) and decreased NE : DHPG ratios (Table 2) . ALDH1A1,2 KO mice had increased DOPAL, DOPET, DOPAL : DA, and DOPET : DOPAC and decreased DOPAC and DOPAC : DOPAL compared to control mice (p < 0.0001 each; Fig. 7c , Table 2 ). Tables 2 and 3 shows that with the exception of tissue DOPA, the two mouse strains differed completely in terms of the pattern of changes in the dependent neurochemical measures. Applying the kinetic model and rate constants in the Appendix (Gjedde et al. 1991; Goldstein et al. 2002; Eisenhofer et al. 1996; Bonifacio et al. 2002) , vesicular uptake was estimated to be decreased by 89% and ALDH activity decreased by 70% in PD putamen.
Inspection of the results in
Among the PD patients, individual values for DOPAL : DA, DA : DOPA, and DOPAC : DOPAL ratios were unrelated to tissue DOPA content (r = 0.23, n = 14; r = 0.13, n = 17; r = 0.12, n = 14). DOPA content was also unrelated to the maximum levodopa dose prior to death (Fig. 8 ).
Discussion
The major advance of this study is the derivation, validation, and application of a conceptual approach that helps explain why DOPAL is built up in the putamen in PD. As noted previously (Goldstein et al. 2011) , DOPAL was increased by about 5-fold relative to DA. From the kinetic model in the Appendix, tissue DA : DOPA was used to indicate vesicular uptake and DOPAC : DOPAL ALDH activity. Data from mouse genetic models validated these indices. Applying the rate constants listed in the Appendix, we estimated that vesicular uptake was decreased by 89% in PD putamen. PD patients have about a 90% decrease in VMAT2 protein in putamen (Miller et al. 1999; Tong et al. 2011) , and results of neuroimaging studies using positron-emitting analogs of tetrabenazine, a VMAT2 ligand, also indicate severely decreased vesicular sequestration in PD (Raffel et al. 2006; Okamura et al. 2010; Bohnen et al. 2006) . Based on previously published data (DelleDonne et al. 2008) , in PD patients immunoreactive tyrosine hydroxylase in the striatum is decreased by 65% compared with controls, whereas immunoreactive VMAT2 is decreased by 96%. The difference reflects decreased vesicular uptake in the residual terminals. The previously reported data lead to the inference that vesicular uptake is decreased by 88% in PD. This value agrees remarkably with the value of 89% based on the DA : DOPA ratios in this study.
From DOPAC : DOPAL ratios we obtained evidence also for a 70% decrease in ALDH activity in PD putamen. Postmortem substantia nigra from PD patients contains decreased gene expression and protein levels of ALDH1A1 (Mandel et al. 2005; Galter et al. 2003; Werner et al. 2008) , but this could be a result rather than cause of loss of nigral dopaminergic neurons. Recently, it has been reported that blood of PD patients contains decreased gene expression for ALDH1A1 (Molochnikov et al. 2012; Grunblatt et al. 2010) , supporting a pathogenetic role of decreased ALDH activity in PD. Low cerebrospinal fluid concentrations of DOPAC for given concentrations of DA (Goldstein et al. 2012a ) are also consistent with decreased ALDH activity; however, this is a quite indirect measure of conversion of DOPAL to DOPAC. DOPAL itself is not detected reliably in human cerebrospinal fluid (Goldstein et al. 2012a) . PD patients had an increased ratio of DOPET : DOPAC in putamen tissue, consistent with a shift from ALDH to AR as an alternative means to detoxify DOPAL. The increased DOPAL concentration relative to DA suggests that such compensation is inadequate to prevent DOPAL buildup. Analogously, ALDH knockout mice had increased striatal DOPET : DOPAC ratios but markedly increased striatal DOPAL levels. These findings indicate that AR is relatively inefficient in DOPAL detoxification.
VMAT2-Lo mice had low DA : DOPAC ratios, explicable by increased oxidative deamination of cytosolic DA because of virtual absence of vesicular uptake. This explanation predicts elevated DOPAL and normal DOPAC : DOPAL, whereas DOPAL was low and DOPAC : DOPAL high. DOPAC : DOPAL in the VMAT2-Lo mice averaged about 200 times that in ALDH1A1,2 KO mice. From the kinetic model, VMAT2-Lo mice seem to have markedly increased ALDH activity. Incomplete compensation for increased DOPAL generation in VMAT-Lo mice or for decreased DOPAL detoxification in ALDH knockout mice may help explain why both strains develop aging-related neuropathologic and neurobehavioral abnormalities reminiscent of those in PD (Wey et al. 2012; Caudle et al. 2007 ).
Both the VMAT2 and ALDH mouse strains have been reported to show evidence of nigrostriatal neuron loss (Caudle et al. 2007; Wey et al. 2012) ; however, the magnitudes of these decreases do not come close to the magnitude of loss of putamen DA depletion seen in PD patients. Table 3 highlights similarities and differences among the PD, VMAT2-Lo, and ALDH1A1,2 groups. One gains the impression that neither mouse model reproduces the pattern of neurochemical abnormalities found in PD. Decreased DA, NE, DA : DOPA, and NE : DHPG fit with catecholamine depletion and a shift from vesicular uptake to oxidative deamination of cytosolic catecholamines, as in VMAT2-Lo mice, and decreased DOPAC : DOPAL and increased DOPET : DOPAC fit with decreased ALDH activity, as in ALDH1A1,2 mice. We speculate that in the setting of low VMAT2 activity, compensatorily increased ALDH activity protects dopaminergic neurons, and in the setting of low ALDH activity, an ongoing high rate of vesicular uptake protects those neurons. If so, then VMAT2-Lo mice should be susceptible to DA neuron death if treated with a drug that inhibits ALDH, and ALDH knockout mice should be susceptible to a drug that inhibits vesicular uptake.
Any of a variety of factors interfering with vesicular sequestration of cytosolic DA or with detoxification of DOPAL could lead to DOPAL buildup and thereby to loss of dopaminergic terminals (Panneton et al. 2010; Burke et al. 2008) . As decreased vesicular uptake increases neuronal vulnerability to exogenous factors such as rotenone (Sai et al. 2008; Liu et al. 2005) , amphetamines (Wang et al. 1997; Guillot et al. 2008) , MPTP (Gainetdinov et al. 1998; Staal and Sonsalla 2000) , and alpha-synuclein (Ulusoy et al. 2012) , vesicular sequestration seems to play a key role in detoxifying compounds taken up into monoaminergic neurons (Guillot and Miller 2009 ). Meanwhile, lipid peroxidation products such as 4-hydroxynonenal potently inhibit ALDH (Rees et al. 2007) , and nigral neurons from PD patients contain increased levels of this aldehyde (Yoritaka et al. 1996) . Moreover, the insecticide benomyl recently has been shown to decrease ALDH and exert toxicity at dopaminergic neurons (Fitzmaurice et al. 2012 ). Finally, DOPAL potently oligomerizes and promotes precipitation of alpha-synuclein (Burke et al. 2008) , which could set the stage for multiple pathogenic positive feedback loops.
Catecholaminergic neurons are rare in the nervous system, and the basis for relatively selective loss of striatal DA terminals in PD has been mysterious. The catecholaldehyde hypothesis provides a straightforward explanation. DOPAL formation is related directly to the leakage rate of DA from vesicular stores and therefore to the size of the stored pool. As one would expect from the striatum having the highest DA concentrations in the brain, DOPAL levels are also highest in the striatum (unpublished observations). Therefore, factors decreasing vesicular sequestration of cytosolic DA and decreasing detoxification of cytosolic DOPAL would be expected to be manifested by striatal dopaminergic denervation.
The results about DOPA, catecholamines, and deaminated metabolites demonstrate large species differences between humans and mice. Much lower striatal DOPA in mice than humans might be explained by more efficient conversion of DOPA to dopamine via Laromatic-amino-acid decarboxylase, a pool of DOPA outside catecholaminergic neurons in human striatum, or greater efficiency of vesicular sequestration of cytosolic catecholamines in mice than in humans.
One might propose that a shift from vesicular sequestration to enzymatic deamination reflects a secondary response to loss of DA neurons, because of compensatorily increased release of DA or increased turnover of DA in the surviving neurons. From the kinetic model, compensatorily increased DA release from residual terminals, with or without reuptake of the released DA, cannot explain the elevated DOPAL : DA ratios found in PD. For instance, neither a 5-fold increase in DA release nor a 5-fold increase in DA release combined with a concurrent 80% decrease in reuptake would affect DOPAL : DA appreciably. Also, neither alteration can explain the decreased DOPAC : DOPAL ratios found in PD putamen.
Whether increased putamen DOPAL levels in PD cause or contribute to loss of DA terminals cannot be determined from this study. First, association cannot prove causation, and buildup of DOPAL with respect to DA does not imply that the buildup exerts cytotoxic effects. Second, post-mortem neurochemistry cannot provide information about a putative pathogenetic sequence during life. Third, as oxidative deamination of DA to form DOPAL necessarily entails hydrogen peroxide generation, it is impossible to separate these two potential contributors to toxicity. Nevertheless, in this study, ALDH knockout mice had about the same proportionate increase in striatal DOPAL as observed in PD putamen, and ALDH knockout mice develop aging-related neuropathologic and neurobehavioral manifestations resembling those in PD (Wey et al. 2012) . In PC12 cells, combined inhibition of vesicular uptake and of DOPAL metabolism increases endogenous DOPAL by about the same extent as observed in PD putamen, and interference with DOPAL metabolism contributes to DA-induced apoptosis (Goldstein et al. 2012b ).
An important issue is whether levodopa treatment before death in PD patients might have influenced the obtained results. We think such an influence was unlikely. First, tissue DOPA was unrelated to the maximum levodopa dose prior to death. Second, if tissue DOPA had been increased artifactually because of treatment, then based on the known fate of DOPA in dopaminergic terminals, this theoretically would have exerted little or no effect on values for the key dependent measures of the study -ratios of DOPAL : DA, DA : DOPA, and DOPAC : DOPAL. In confirmation of this view, among PD patients individual values for all these dependent measures were unrelated to tissue DOPA content. Third, to estimate the magnitude of the effect of ongoing levodopa treatment on putamen DOPA levels, we reviewed putamen DOPA data from four patients with end-stage Parkinsonism or autopsyproven PD in whom the patients had either never received levodopa treatment or in whom levodopa treatment had been discontinued at least 5 days prior to death. Among these patients, putamen tissue DOPA averaged 0.77 pmol/mg, a value similar to that for the PD group reported here. From this analysis we estimate that the impact of levodopa treatment on absolute levels of putamen DOPA, if any, was small.
The catecholaldehyde hypothesis yields readily testable predictions related to pathogenetic mechanisms and experimental therapeutics. In VMAT2-Lo mice exposure to drugs that inhibit ALDH and in ALDH1A1,2 knockout mice exposure to drugs that inhibit vesicular uptake would be expected to accelerate loss of nigrostriatal dopaminergic neurons. Studies about effects of treatments that attenuate catecholaldehyde production, mitigate catecholaldehyde auto-oxidation, or interfere with catecholaldehyde-mediated protein crosslinking in these mouse models could provide further mechanistic and therapeutic insights.
In summary, in this study we obtained evidence that elevated DOPAL levels in PD putamen reflect markedly decreased vesicular uptake, as indicated by the ratio of DA : DOPA, and decreased DOPAL detoxification, as indicated the ratio of DOPAC : DOPAL. From the results we propose that strategies increasing the efficiency of vesicular sequestration or of catecholaldehyde detoxification, decreasing neuronal monoamine oxidase activity, or interfering with DOPAL-induced oligomerization of alpha-synuclein may prove useful in treatment or prevention. 
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